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Abstract
The handling properties of All-Terrain Vehicles (ATVs) have been the subject of numerous investigations over the last two 
decades. Because the great majority of ATVs use a solid rear axle or a direct drive to both rear axles for improved off-road 
traction, these vehicles typically transition from understeer to oversteer with increased cornering severity in tests customarily 
used in the automobile industry to measure steady-state vehicle handling properties. An oversteer handling response is contrary 
to the accepted norm for on-road passenger vehicle handling and, for this reason, has drawn scrutiny from the Consumer Product 
Safety Commission (CPSC) staff and others. In the research described in this paper, an evaluation of ATV handling is presented 
in which 10 participants operated an ATV that was configured to have two different steady-state cornering characteristics. One 
configuration produced an approximately linear understeer response (labeled US) and the other configuration transitioned from 
understeer to oversteer (labeled US-OS) with increasing lateral acceleration in constant-radius turn tests. Participants found that 
the ATV with either the US or US-OS steady-state handling characteristic would be satisfactory for their typical use of an ATV; 
however, participants overwhelmingly preferred the US-OS Configuration. No participant reported that either configuration was 
unpredictable, although the ATVs were rated as more comfortable and received better steering feedback ratings for tight turns 
when configured to and operated in the US-OS Configuration as compared to the US Configuration. The objective data did not 
indicate that there was a control issue associated with the ATV configured to have an understeer/oversteer steady-state handling 
response. Course excursions were observed with both configurations, with the most significant occurring with the US-configured 
ATV. In summary, passenger car control response characteristics that have traditionally been found to be conducive to vehicle 
safety and control in that environment cannot be directly applied to the understanding of ATV safety and control.
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1. Introduction
Handling relates to the performance of the vehicle-operator system and the ease with which the operator can 
control and maneuver the vehicle so as to maintain the desired path and speed. In a handling evaluation, aspects of 
vehicle stability are also considered, namely, directional stability and lateral stability. Directional stability is 
included within the realm of handling as it relates to trajectory stabilization and ease of control during regular 
operation, when negotiating irregular, sloped or rough terrains, or when experiencing changes in surface friction. It 
also includes the vehicle’s inherent resistance to loss of directional control under aggressive maneuvering (i.e., 
plowing or spinning out during turning maneuvers and braking). Vehicle designers must choose a balance between 
directional stability and responsiveness. A heavily understeer stable vehicle may have difficulty negotiating around 
an obstacle whereas a highly responsive vehicle might not have good stability properties at high speeds. Lateral 
stability, in the context of a handling evaluation, is a vehicle’s intrinsic resistance to side forces developed during 
cornering maneuvers that would cause the vehicle to tip or overturn. Lateral stability is also a consideration when 
evaluating off-road mobility specifically when negotiating very rough or sloped terrains.
Vehicles such as ATVs, designed solely for off-road uses by a single operator, have different operational and 
performance requirements than do vehicles designed primarily for improved roadways – even SUVs such as Jeeps. 
For instance, off-road terrain negotiation is typically performed at lower speeds than what is common for on-road 
vehicles where freeway speed limits can be as much as 120 kph (75 mph). Off-road trail and dirt road widths are 
usually considerably less than the 3.7 m (12 ft) lanes for most roadways, and slopes occurring off-road can exceed 
30 degrees whereas the steepest slope for automobiles in San Francisco, for example, is 17 degrees. Therefore, 
protocols for evaluating handling and stability of on-road vehicles may not be applicable for off-road vehicles, nor 
would the performance criteria be the same [1].
Because of the variety of surfaces, environmental conditions and terrains in which off-road vehicles such ATVs
are expected to operate – in conjunction with the important role of the operator for guidance, course selection and 
speed regulation, together with their rider-active character – the handling characteristics of off-road vehicles have 
historically been evaluated subjectively. This methodology allows for evaluators (test riders) to perceive the overall 
operator-vehicle handling qualities – both safety-related and performance-related – under a broad variety of 
operational, terrain and environmental conditions. Subjective testing is the only means to determine the driver’s
physical and mental efforts required to control the vehicle and thus establish ease of control especially when 
approaching the handling and stability limits [2]. It also allows the rider to evaluate the quality of the feedback 
provided by the vehicle, which is essential for safe operation. 
As with any vehicle, the role of the operator is important for safe operation even in the most benign 
environments. Operators need to judge speed, path, and control inputs in relation to the existing terrain conditions 
(using both common sense and feedback cues available to him/her). However, it is expected that a vehicle produced 
for use by the general public exhibits a satisfactory level of handling and stability performance so that it does not 
place overly high demands on the driver for safe operation. 
In discussions by some researchers who are critical of the handling response of ATVs, much emphasis has been 
placed on the ATV’s response in circle turn tests similar to that used by manufacturers of on-road passenger 
vehicles. These tests are designed to characterize those vehicles’ steady-state cornering response. It has been 
suggested that ATVs, being a four-wheeled vehicle with a human operator, should have handling characteristics 
similar to those of passenger cars. However, because of their distinctly different missions, smaller size, operational 
environments (off-road surfaces versus primarily paved roads) and rider active nature, the optimal handling response 
of an ATV may be different from that of on-road passenger vehicles; and consequently, the premise that ATVs’
handling should be judged based on passenger car standards has not been generally accepted by the ATV 
manufacturers. It should also be pointed out that tests like these are for measuring vehicle control properties and not 
handling, which involves the continuous interaction of the operator with the vehicle. Therefore, the attributes so 
derived only have value if they can be correlated with the opinion of a larger number of people to determine what 
characteristics give optimum handling and controllability [3].
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Fig. 1. Steer angle versus lateral acceleration (or speed) in constant radius tests.
How vehicles corner (whether on- or off-road) in response to the operator’s control inputs is one aspect of a 
vehicle’s overall performance and falls under the general category of “handling.” With respect to the steady-state 
cornering behavior, the concepts of understeer, neutral steer and oversteer are used to describe how the steer angle 
changes with increasing lateral acceleration (or speed) in a constant radius turn. If the front wheel steer angle
increases with increasing lateral acceleration in the turn, then the vehicle is said to understeer; a vehicle is neutral 
steer if the steer angle remains the same as a function of lateral acceleration; with an oversteer vehicle the steer 
angle decreases as lateral acceleration is increased on the circle. Figure 1 presents examples of vehicle responses in 
a constant radius turn test – the slope of the steer angle versus lateral acceleration curve is defined as the understeer 
gradient. For some vehicles, the sign of the understeer gradient can change with increased lateral acceleration in the 
constant radius turn tests as depicted in the understeer/oversteer curve shown in Figure 1.
Passenger vehicles designed to operate primarily on paved roadways typically, and with good reason, exhibit a 
uniformly understeer steering response when tested in constant radius turn tests on an asphalt skid pad. At highway 
speeds and on higher friction surfaces, this handling characteristic has been found to provide easier and more 
predictable driver control. ATVs, by contrast, tend to oversteer at the limit in similar tests, as the rear tires lose grip 
before the front tires and the steering angle decreases in order to maintain the circular path. A vehicle with this type 
of steering response is often described as “loose” and has been criticized by some researchers as being difficult for 
the average operator to control. However, a limit understeer response does not prevent a vehicle from sliding 
sideways or even spinning out of control given inappropriate control inputs possibly in combination with adverse 
road or shoulder conditions. For example, tests conducted by Exponent revealed that a rear wheel drive passenger 
car and a pickup truck can quickly transition from understeer to oversteer and ultimately spin out during circle turn 
tests on hard packed dirt or gravel surfaces.
As already discussed, in many respects ATVs are different from on-road passenger vehicles. The ability to 
operate successfully on low friction or soft surfaces, rough terrains and narrow tracks places a premium on traction 
and maneuverability. Throttle input is often used in combination with steering to induce tail sliding to assist turning 
and/or reduce turning radii. Unlike passenger cars, ATVs are also handlebar-steered with little steering reduction,
which represents a different control model for the two vehicles, given that steering corrections can be made more 
directly and quickly. The vehicle is often experiencing, and the operator responding to, the non-linear effects of near 
saturation or saturated front or rear tires which can occur often and at lateral acceleration levels much lower than
that experienced on pavement. These factors emphasize the importance of the vehicle providing the operator with a 
high level of control and feedback that can only be evaluated through subjective handling tests conducted in those 
off-road environments consumers are likely to frequent. As a consequence, the response characteristics determined 
in tests conducted on a level asphalt surface do not have much relevance to real-world ATV operation.
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2. Procedure
An evaluation of ATV handling is presented in which participants, recruited for the study, operated an ATV that 
could be configured to have two different steady-state cornering characteristics as documented in circle-turn tests on 
an asphalt surface. One configuration produced an approximately linear understeer response (labeled US) whereas 
the other configuration transitioned from understeer to oversteer with increasing lateral acceleration or speed on the 
circle (labeled US-OS). Ten riders operated the ATV in both configurations on a serpentine off-road riding track and 
were asked to complete a questionnaire to gather subjective impressions regarding the vehicles’ handling response 
and suitability of purpose. The ATV was also instrumented to record objective performance and rider input data.
2.1. Vehicle selection
The ATV used in the study was a mid-sized general purpose/utility model with a 420 cc engine (Figure 2). The 
ATV came equipped with front and rear independent suspension, a selectable automatic or manual transmission and 
two- and four-wheel-drive capability. An ATV with these general specifications was chosen because its size would 
be suitable for all adults, the participants in the study would not need to change gears during their evaluations and 
the suspension could be modified relatively easily to obtain the different steady-state cornering characteristics. The 
ATV was instrumented to record yaw, pitch and roll angles and associated angular velocities, the three principal 
linear accelerations, speed and GPS position. In addition, the operator’s control inputs, including handlebar angle, 
throttle and brake application were also recorded.
2.2. Handling response
To create the two steady-state cornering responses used in the study, the front and rear suspensions were 
modified with the installation of an additional front and rear sway bar which were independently connected or 
disconnected. The ATV with the front sway bar attached (labeled US) yielded an approximately linear understeer 
steering response. Disconnecting the front sway bar and adding an additional rear sway bar produced a steer wheel 
angle versus lateral acceleration response that transitioned from initially understeer (positive slope) to oversteer 
(negative slope) and was labeled US-OS (Figure 2).
a b
Fig. 2. Test ATV with instrumentation (a) and representative steady-state steering characteristic for US-OS and US Configurations (b).
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Fig. 3. Course layout with turns indicated.
2.3. Test course
A 975 m (3,200 ft) riding course at Exponent’s Test and Engineering Center in Phoenix, Arizona was used to 
evaluate the handling characteristics of the two ATV configurations (Figure 3). The course was designed to 
incorporate the types of turns that might be performed during ATV operation at speeds of 25 kph (15 mph) and 
below. The turn radii ranged from 18 m (60 ft) with a decreasing radius in Turn 18 to tight turns requiring full 
steering lock (Turns 12 and 28). The test surface consisted primarily of hard packed desert dirt with some sections of 
coarse sand and gravel. The surface was watered for dust control before each rider, which made some areas a little 
muddy and more slippery at times. The course was periodically groomed to help mitigate the formation of ruts. The 
nature of the surface conditions on the test course resulted in a relatively low friction surface and, therefore, tended 
to place a high premium on directional control.
2.4. Participants and methodology
Participants who were over 25 years of age and had more than one year of ATV riding experience were recruited 
for the study so that they were not learning or uncomfortable operating an ATV on the test course during the 
evaluation. Ten participants (eight male and two female) ranging in age from 31 to 67 years were included in the 
study. All but one participant reported 15 to 30 years of experience operating ATVs with 0 to 150 hours of riding 
within the last year. The oldest participant was retired and reported the most riding time in the last year. The least 
experienced participant reported 3 hours of riding time in the last year. Eight of the 10 riders rode sport/recreation 
ATVs, and the remaining two operated general purpose/utility ATVs. All but one participant used their ATV for 
trail riding, and the next most popular descriptive words indicated occasional use, sightseeing and operation at 
moderate speed. The responses to this question were not unexpected given all the participants except one (who 
sometimes used his ATV for utility purposes) were from the Phoenix area.
The participants were initially briefed that the purpose of the study was to obtain feedback regarding the handling 
of an ATV with two different suspension set-ups labelled “A” and “B.” To accomplish this, they were to operate the
ATV with each setup for three laps on a course marked with cones so that they could get familiar with how the ATV 
handled. The course was laid out on level desert terrain consisting of a number of clearly marked turns. Participants 
were instructed to pause briefly in between each lap so the instrumentation could be zeroed prior to the next lap. 
After the third time through the course, they were asked to fill out a short questionnaire about their experience 
operating the ATV. 
After filling out this survey, participants were informed that several aspects of the ATV had changed and were 
asked to operate the ATV in a similar fashion as their initial set of laps, but told to evaluate the ATV on the second 
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set of laps independently from their first set. The participants were also instructed to operate the ATV in a safe 
manner that they felt comfortable with and consistent with their skill level. It was reiterated that this was not a
competition. On the first of the three laps with each configuration, they were instructed to proceed at a slow pace so 
as to get some familiarity with how the ATV with that set-up handled. Further, instructions included that they try 
and keep within the coned course but, if they found that they could not stay within the boundaries of the course, they 
were not to overreact and try an unsafe maneuver in an attempt to regain the course. Participants were told that, if
that happened, just to exit the course (they could run over the cones), slow down and safely re-enter and continue. If, 
at any time, they felt uncomfortable completing the study, participants were instructed just to stop the ATV and let 
one of the observers know they did not wish to proceed and they would still be reimbursed for their participation. 
Before beginning the first of the two sets of three laps on the ATV, participants were asked to mount the ATV 
and were shown the controls. The ATV transmission was set to the automatic mode so no gear shifting was required. 
The participants could then, if they desired, operate the ATV at a slow speed on level open terrain to become 
familiar with the throttle response and brakes. To initially familiarize the participants with the course, they were 
then instructed to follow another ATV around the course at a slow speed. At the completion of this lap the 
participants were instructed to begin their first set of three laps. The configuration order was counter-balanced 
between the participants. After operating both configurations and completing the questionnaires, participants were 
asked which configuration they preferred.
3. Results
Analyses were performed on questions from the survey data taken from the 10 participants. The distribution of 
participants’ perceived driving style was generally similar across configurations. Amongst the participants, riding 
style varied from more restrained or moderate to clearly aggressive. No significant difference was found between 
the participants’ subjective rating of overall speed through the course between the configurations based upon a 1-7
scale, 1 being slow and 7 being fast, which indicates that participants generally followed the instructions to drive 
each configuration in a similar manner. Little difference was found in participants’ subjective evaluation of the 
driving surface between configurations, indicating the course did not change in a significant way between the sets of 
laps. 
Sign tests were used to determine preference between the US-OS and US Configurations on a number of 
variables. Participants who rated a measure identically between the two configurations, which meant they had no 
preference, were not included in analyses. Overall, participants preferred the US-OS Configuration over the US 
Configuration, p = .01, with nine participants preferring the US-OS Configuration and only one participant 
preferring the US Configuration (Figure 4). Additionally, the one participant who preferred the US Configuration 
said that it could have been a matter of him getting more used to the ATV and the course, as he tested the US 
Configuration after the US-OS Configuration. There are some data to support this assertion, in that recorded average
speed, as measured by overall lap time, was faster in the second configuration test (M = 144.50 s, SD = 9.88 s) than 
in the first configuration test (M = 147.65 s, SD = 12.62 s), t(9) = 3.17, p = .01, regardless of which configuration 
type came first, which indicates that people likely became more comfortable with the procedure over time. Most of 
the other participants were more emphatic as to their preference for the US-OS Configuration, with some also 
indicating they would have liked the ATV to be even more responsive, especially under throttle. One rider made the 
comment that the US ATV felt to him like we had just put the US-OS configured ATV into 4-wheel drive, which,
based on his experience, tended to make ATVs less responsive, with a heavier steering feel. Although in the testing 
reported here the ATV was kept in 2-wheel drive, manufacturers need to consider 4-wheel drive operation as part of 
their overall handling evaluations.
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Fig. 4. Proportion of participants’ preferred steering configuration (a) and self-report of how often they left the track (b).
Overall, participants were able to stay on the track, with eight participants self-reporting they always stayed on 
the track in both configurations, one participant reporting that he went off the track once in both configurations, and 
one participant reporting she went off the track once when operating the US-OS Configuration and twice with the 
US Configuration (Figure 4). The former participant recorded the shortest times through the course, thus the highest 
average speed, and indicated in the questionnaires that he was “pushing the limits.” Both course excursions occurred 
on the highest speed turn. The participant who reported leaving the course three times did so when negotiating the 
full-lock left turn with the most significant off-course event occurring with the US Configuration. She described her 
operation of both ATV configurations as “moderate.” Upon a review of video recordings of the testing, another rider 
clipped a number of cones when riding the US-OS configured ATV but did not indicate in the questionnaire that he 
left the course. The video did not reveal any control issues associated with the cone contacts. All three participants 
ultimately preferred the US-OS Configuration when queried at the end of the test.
Participants felt significantly more comfortable on the US-OS Configuration, p = .02, with six participants rating 
the US-OS Configuration highest on their overall comfort level operating the ATV, four participants having no 
preference, and no participants rating the US Configuration highest on comfort level (Figure 5). Participants also 
significantly preferred the steering response of the US-OS Configuration more than the US Configuration on tight, 
slow turns, p = .04 (Figure 5), but there was no significant difference in preference for steering response on larger, 
higher speed turns, p = .34. However, there were some substantial differences between the way that participants 
described the steering response of each configuration, with more people describing the steering of US-OS 
Configuration as “just right” and “predictable,” whereas more people described the US Configuration as “sluggish” 
and “overshot.” No significant difference was found between the configurations when participants rated their 
subjective effort staying on the track, p = .50.
Fig. 5. Proportion of participants’ highest rated configuration for comfort level operating the ATV (a) and steering response on tight, slow turns (b).
a b
a b
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Among the nine most experienced participants, those who tended to describe their driving style as more 
aggressive completed laps 2 and 3 of the US-OS condition significantly faster than those who tended to describe 
their driving styles as more careful, p = .04, indicating that participants were generally aware of their own driving 
style and that this style corresponded with actual performance. This difference was not significant in the US 
condition, which, along with the drivers’ self-reported expectations discussed below, may indicate that the 
experienced drivers who tended to drive aggressively did not find the vehicle responded as expected in the US 
Configuration, muting speed differences between operators with self-reported aggressive driving styles and the 
others while operating the ATV in the US Configuration. 
Of the nine participants who reported the rear wheels of the US-OS configured ATV losing grip and the rear 
begin to slide in a turn, only one participant indicated he did not intend for that to happen. When operating the US 
Configuration, seven participants also reported that the rear wheels lost grip in a turn with, again, only one
participant not intending that to occur. This highlights an interesting attribute of ATVs: the rear sliding in a turn is 
an intentional aspect of ATV driving that operators overwhelmingly expected. On a scale of 1-7, 1 being “very little 
effort required” and 7 being “very difficult to stay on the track when the rear wheels lost grip in a turn,” the median 
response given for the US-OS Configuration was 2, compared to 4 for the US configured ATV. The response on the 
1-7 scale of the participants who did not expect the rear to lose traction was 2 when operating the US-OS 
Configuration and 1 for the US Configuration. Consequently, none of these riders reported difficulty returning to the 
course when this occurred. Only two participants reported the US-OS Configuration did not turn as much as 
expected in some turns (i.e., plowed towards the outside of the turn), compared to seven participants for the US 
Configuration. These responses are consistent with the participants’ overall preference for the ATV configured with 
the US-OS response. Overall, participants found the quality of feedback from the ATV was slightly better when 
configured with the US-OS response (M = 5.9, SD = 0.7 compared to M = 5.4, SD = 1.1), although the difference 
was not significant. 
Finally, all ten participants responded that the way both configurations handled would be OK to use, although 
one participant (the oldest rider, aged 67) added a comment that the US Configuration was OK but “not great” for 
his intended purpose. That participant also did not believe that the US Configuration would be suitable for a 
beginning rider, whereas one of the participants thought that both configurations could be used by a beginning rider 
if the rider went slow. The remaining eight participants answered “yes” to the question of whether the ATV would 
be OK for a beginning rider. Both configurations were considered fun to operate by all participants. 
4. Conclusion
In sum, participants in the study found that the ATV with either the US or US-OS steady-state handling 
characteristic would be satisfactory for what they used an ATV for, but participants overwhelmingly preferred the 
US-OS Configuration, with higher ratings in comfort operating the ATV and steering feedback in tight, slow turns 
for the US-OS Configuration. Additionally, the majority of ATV operators experienced the rear of the ATV sliding, 
and the vast majority of those participants indicated that the action was purposeful. An ATV produced for use by the 
general public should exhibit a satisfactory level of handling performance so that it does not place overly high 
demands on the driver for safe operation. The results reported in this paper show that ATVs with both a limit 
understeer and a limit oversteer steering response can be operated safely when used in a reasonable manner. It is 
expected that manufacturers would choose an appropriate handling balance for their vehicle based on its anticipated 
use and consideration of performance characteristics such as throttle response and maximum speed.
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